Abstract-Efficient light extraction from various two-dimensional photonic crystal slab structures is studied. By using the finite-difference time-domain method, effects of finite air-hole depth, and the cladding refractive index on the light extraction efficiency are investigated. The largest extraction efficiency is obtained in the photonic crystal slab with entirely drilled air hole patterns and large index contrast with the bottom cladding. Using InGaAsP quantum wells emitting at 1.5 m large enhancement of photoluminescence is observed from the slab structures with air-hole patterns fully transferred through the active medium and the bottom cladding. The photoluminescence enhancement relative to the as-grown wafer is 8 in the oxide-supported slab and 13 in the free-standing slab. The large light extraction enhancement results from the coupling to leaky modes above the light line of a band structure. In addition, the extraction behaviors of a triangular lattice and a square lattice are compared, and it is shown that their distinctive extraction characteristics well reflect the features of each band structure.
I. INTRODUCTION

L
IGHT-EMITTING diodes (LEDs) find a wide range of applications from displays to optical communications. The efficiency of LEDs has important consequences on such applications. In conventional semiconductor surface-emitting LEDs, the external efficiency is mainly limited by the total internal reflection. A number of schemes have been attempted to overcome the poor extraction efficiency of LEDs. For example, resonant cavities [1] , photon recycling [2] , surface texturing [3] , [4] , reshaping the light escape cone [5] , and coupling to surface plasmon modes [6] , [7] have demonstrated the improved extraction efficiency.
It has recently been suggested that photonic crystal slab structures can enhance light extraction efficiency dramatically [8] . Enhancement of light extraction efficiency from photonic crystal slabs relies on both geometrical properties and radiative properties of the structure. There are two principal ways for enhanced light extraction. First, the emitted light from the active material couples to leaky modes above the upper cutoff frequency for the guided Bloch modes. Second, the light generated in the bandgap region can couple only to radiation mode since the guided modes are eliminated in the bandgap. In both cases, the coupling of emitted light to free space modes results in significant enhancement of light extraction efficiency [8] , [9] . Several groups have experimentally demonstrated the enhancement of light extraction in two-dimensional (2-D) photonic crystals by optical pumping [10] - [15] . Due to large surface-to-volume ratio of the photonic crystal patterns, the problem of surface recombination carrier losses remains to be addressed. In order to minimize the surface recombination in photonic crystal patterns, Boroditsky et al. introduced other geometry in which light generation region is separated from photonic crystal light extraction region [10] , and Erchak et al. employed the photonic crystal structures where the etched air holes did not penetrate into quantum wells (QWs) [13] . As large as six-fold enhancement has been reported from these structures.
Previously, authors reported photonic crystal LED structures with air holes deeply etched through the slab [14] , [15] . It has been shown that the surface recombination loss in this structure could be significantly reduced by employing active materials with low surface recombination velocity and by considering pumping conditions [14] . This structure will have higher extraction efficiency than the shallowly etched structure due to larger photonic bandgap effects and stronger coupling to leaky modes. In addition, since the structure does not contain defect regions for light generation, whole area of the photonic crystal can be used for both light generation and light extraction. Recently, over 30-fold enhancement has been achieved from the free-standing photonic crystal slab with quantum dot active materials at 80 K [15] . This large enhancement was benefited from the strong extraction ability of the photonic crystal slab and much reduced surface recombination at low temperature.
In this paper, we study the light extraction characteristics in photonic crystal slab structures and report the improved enhancement results. In the next section, the dependence of extraction efficiency on air-hole depth and cladding refractive index is investigated by using the finite-difference time-domain (FDTD) method. In the Sections III and IV, we present the experimental results obtained by room temperature optical pumping in both oxide-supported and free-standing slab structures. 
II. COMPUTATION ANALYSES: EFFECT OF ETCH DEPTH AND INDEX DIFFERENCE
The efficiency of light extraction from a photonic crystal slab is calculated using the three-dimensional (3-D) FDTD method [16] . The extraction efficiency evaluated using this method has been first introduced in [8] , and large extraction efficiency in the free-standing photonic crystal slab was reported. In this section, we numerically study the effects of finite etch depth of air-hole patterns and the bottom cladding refractive index on light extraction efficiency. Though the extraction enhancement from these structures has been being demonstrated experimentally, extraction efficiency in these structures has not been calculated.
The FDTD calculation domain is shown in Fig. 1 . In the horizontal photonic crystal plane, there are seven air holes along the -K direction of a triangular lattice. The perfectly matched layer (PML) is employed as the absorbing boundary condition in the FDTD calculation. A magnetic point dipole polarized in the direction is used as a radiating source for the excitation of TE (transverse electric) polarized light. The dipole is located near the center hole in the -K direction. The position of the dipole is indicated in Fig. 1(a) . Actually, the extraction efficiency does not significantly depend on the position of the dipole. The extraction efficiency is defined as the fraction of emitted flux through the top and bottom surfaces of slab to the total emitted flux [8] . The boundary for separating vertical radiation from laterally guided modes is positioned at approximately half-wavelength from the surface of the slab. In the calculation, both slab thickness and air-hole radius are fixed to 0.4 , where is lattice constant. The refractive index of the slab material is 3.4.
First, the effect of finite air-hole depth is investigated in a free-standing photonic crystal slab. The extraction efficiency is shown in Fig. 2 as a function of the normalized frequency. When the air-hole patterns are entirely drilled through the slab, the extraction efficiency is as high as 80% as shown in The extraction efficiency begins to increase from the normalized frequency of about 0.33 which corresponds to the lower edge of the bandgap. A small dip is observed near 0.5. The decrease of extraction efficiency in this region is related to the appearance of guided modes above the bandgap. High extraction efficiency is again observed when the frequency is over 0.55. In this case, nearly all modes are leaky and couples to the modes out of the slab, which contributes enhancement of light extraction efficiency. The extraction efficiency has also been calculated for larger calculation domain which contains nine holes along the central direction of triangular lattice. In this case, the extraction efficiency is increased from the previous result by 5 10%. Therefore, one can expect nearly perfect extraction if the calculation domain is enlarged sufficiently.
The extraction efficiency when the air-hole etch depth is half of the slab thickness is shown in Fig. 2 (b). Efficiencies of light extracted to the patterned region [upward in Fig. 1(b) ] and to the uniform region [downward in Fig. 1(b) ] are shown separately. The extraction to the patterned region is about two times larger than that to the uniform one. However, extraction efficiency is significantly lower than that of the fully etched case. The relative extraction efficiency is plotted as a function of the air-hole depth in Fig. 2(c) . This value is obtained by integrating the extraction efficiency of both upward and downward light between the normalized frequency of 0.4 and 0.6, and then by normalizing this integrated efficiency by that of the fully etched photonic crystal slab. The extraction efficiency of the half-etched photonic crystal slab is only about 30% of the extraction efficiency of the fully etched case. This low extraction efficiency will be increased by enlarging the calculation domain. The above calculation results imply that, in small device area, it is more desirable to fully transfer the air-hole patterns through the slab in order to achieve a large extraction efficiency if the effect of the surface recombination is negligible.
Next, dependence of extraction efficiency on the refractive index of the bottom cladding is studied. Oxide bottom claddings are generally preferable to the air cladding for the practical application of photonic crystals due to the good thermal properties and the possibility of electrical pumping [17] , [18] . The schematic side view of a calculated structure is drawn in Fig. 3(a) . The top cladding is air and the refractive index of the bottom cladding is varied from 1.0 to 2.0. The air-hole patterns are entirely transferred through the active region and the bottom cladding as shown in the figure. Both air hole radius and slab thickness are again fixed to 0.4 . Total relative extraction efficiency and the efficiency of extraction into the air region are plotted as a function of the refractive index of a bottom cladding in Fig. 3(b) . Here, the relative extraction efficiency is the value normalized by the integrated efficiency of the free-standing slab. The total relative efficiency is nearly the same regardless of the bottom cladding. The relative efficiency of extraction into the air region decreases with cladding refractive index. This is related to the fact that the transmission coefficient decreases as the refractive index difference of two adjacent material increases. In the photonic crystal slab with the oxide bottom cladding whose refractive index is 1.5, the extraction efficiency decreases to about 80% of that of a free-standing photonic crystal slab. Though the maximum efficiency could be obtained from the free-standing photonic crystal slab, the extraction efficiency is not degraded significantly in the slab with the oxide bottom cladding.
III. FABRICATION AND CHARACTERIZATION
In the experiment, six pairs of strain-compensated InGaAsP QWs emitting near 1.5 m are used as the active medium. The thickness of each quantum well is 6 nm. This active material is known to have relatively low surface recombination velocity Fig. 3(a) ] are plotted as a function of the refractive index of the bottom cladding. [19] . Both oxide-supported and free-standing photonic crystal slabs are fabricated. In the fabrication of oxide-supported slab structures, a 500-nm-thick SiO layer is deposited on the wafer in the first. Then, it is bonded by an epoxy with a GaAs substrate. After removing the InP substrate by HCl, photonic crystal patterns are formed by electron-beam lithography and Cl -assisted Ar-beam etching. The patterns are also transferred into the SiO layer by CF -based reactive ion etching. In this way, the slab structure like in Fig. 3(a) is realized. By transferring the air-hole patterns deeply into the cladding region, good mode confinement can be obtained [20] . The free-standing slab is also fabricated in a similar way [21] . The schematic side-view diagram of two slab structures is shown in Fig. 4 . The thickness of the oxide-supported slab and the free-standing slab is 230 nm and 200 nm, respectively. This thickness satisfies the single transverse mode guiding condition in the photonic crystal slab [20] . Samples with various lattice constants are fabricated. The air-hole radius is fixed to times the lattice constant. The top-view scanning electron micrograph of a typical freestanding photonic crystal LED structure is shown in Fig. 5 . In this picture, lattice constant of the sample is 1000 nm.
The extraction properties of fabricated photonic crystal slab structures are characterized by optical pumping with a 980-nm laser diode at room temperature. The photoluminescence (PL) is collected from the top of the sample using a objective lens. The pump spot size is 5 m and incident pump power is 10 mW. Carrier density at this pumping condition is about cm . The pump power and the pump spot size are maintained to be the same in all experiments. Actually, the extraction efficiency is dependent on pump power. Since surface recombination decreases with pump power, this high pumping level is necessary to observe large enhancement of light extraction [14] . The pattern size is about 20 m that is much larger than the pump spot size.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. Oxide-Supported Photonic Crystal Slabs
In our previous work [14] , we reported PL enhancement from the InGaAsP photonic crystal slab with the Al-oxide bottom cladding made by wafer fusion and wet oxidation. The maximum enhancement has been . This relatively low enhancement is partly attributed to the degradation of the active medium damage during high temperature wafer-fusion processes. By using the oxide-supported slab epoxy-bonded to a GaAs substrate shown in Fig. 4(b) , the high temperature processes are by-passed to preserve the active medium.
The PL spectra for two patterned samples and an as-grown one are shown in Fig. 6(a) . The vertical axis scale is normalized by the peak PL intensity of the as-grown sample. The maximum peak PL enhancement is over 5 when lattice constant is 900 nm. Weak interference patterns are usually observed due to the presence of the epoxy layer. The integrated PL of photonic crystal patterns relative to that of the as-grown sample is as large as . When it is normalized by the area of the active material, the enhancement approaches nearly eight as shown in Fig. 6(b) . This relative PL enhancement is almost two times larger than that in the previous wafer-fused photonic crystal slab case. The extraction efficiency in the bulk structure without photonic crystal patterns is where is the refractive index of the material. It is about 2.4% when of 3.2 is used as the refractive index of InP. Then, the 8-fold enhancement corresponds to the efficiency of 19%. This is about a half of the extraction efficiency of the ideal case in Fig. 3(b) . This efficiency is high enough to be used in the practical application. In this sense, if the wafer fusion process is optimized not to cause damage to active materials, the wafer-fused Al-oxide photonic crystal slab can be a realistic candidate for high-efficiency LEDs.
Here, the efficiency of this photonic crystal LED is analyzed in more detail. In fact, the experimentally determined efficiency (19%) does not correspond to true extraction efficiency since other effects such surface recombination are included in this value. In the photonic crystal pattern with 900-nm lattice constant, the portion of surface recombination is estimated to be % [14] . If this surface recombination effect is considered, the pure extraction efficiency is expected to be %. Another factor which limits the extraction efficiency is re-absorption of leaky modes by QWs. Assuming the absorption coefficient of 36-nm-thick QWs is cm and average interaction length is 10 m, the reabsorption probability is as high as 20%. However, since leakage length of the leaky modes seems to be shorter than 10 m [10] and some portion of absorbed light is re-emitted by photon recycling, the actual reabsorption probability would be much smaller than 20%. The external efficiency of LED structures is given by the product of internal efficiency, radiative efficiency, and extraction efficiency [19] . The internal efficiency of high-quality QWs approaches unity. And, the radiative efficiency of the measured structure is about 30% which is obtained by rate equation analyses [14] . Then, the external efficiency corresponds to about 7%. If the extracted light into the bottom oxide is also considered, the external LED efficiency would be 15%. The external efficiency of photonic crystal LEDs is limited by radiative efficiency. The poor radiative efficiency originates mainly from large Auger nonradiative recombination.
The relative PL enhancement increases with lattice constant as shown in Fig. 6(b) . This increasing behavior results from the increase of the density of leaky modes and the reduced surface recombination effects [11] , [14] . The PL enhancement increases abruptly from the lattice constant of 800 nm. The extraction enhancement is nearly saturated when the lattice constant is larger than 900 nm, and is slightly decreasing at the lattice constant of 1.2 m. Maximum enhancement is achieved at the lattice constant of 1.1 m. This lattice constant corresponds to the normalized frequency of 0.73 since the center emission wavelength is 1.5 m. This frequency region exists above the light line of the band structure, so all the modes are leaky and couple to free space. Note that the number of air holes contained in the pump area is less than 30 when the lattice constant is 1.1 m. It is rather surprising that high extraction enhancement is observed with this small number of photonic crystal layers.
B. Free-Standing Photonic Crystal Slabs
From the computational analyzes, the free-standing photonic crystal slabs are expected to show the highest extraction efficiency compared to the other slab structures discussed in the previous section. The high extraction efficiency has also been demonstrated experimentally using InGaAs quantum dots at 80 K [15] . Both triangular and square lattice structures are fabricated and investigated in this experiment. Until now, the triangular lattice has been intensively studies due to its large photonic bandgap [21] , [22] . However, since high extraction efficiency in photonic crystals relies on the coupling of modes above the bandgap, other lattices with small bandgaps can also be good candidates for photonic crystal LEDs.
Lattice constant ranges from 400 to 1200 nm. Pulse width of the pump laser is 10 ns and duty cycle is 1%. These small pulse width and duty ratio are required to reduce thermal effects in free-standing layers. For the triangular lattice, PL spectra of two patterned samples ( nm, nm) and an as-grown sample are shown in Fig. 7(a) and the relative PL enhancement is plotted as a function of lattice constant in Fig. 7(b) . Results for the square lattice are shown in Fig. 8(a) and (b) .
When the measured PL is normalized by the peak intensity of an as-grown wafer PL as shown in Fig. 7(a) , the peak enhancement of 12 is observed. The area-normalized integrated PL enhancement approaches 13 in the triangular lattice as one can see from Fig. 7(b) . The 13-fold enhancement relative to the unprocessed InGaAsP wafer corresponds to the efficiency of about 28%. When the 20% portion of surface recombination is considered, the extraction efficiency of this free-standing photonic crystal would be 35%. Then, if both directions of the slab are considered, the extraction efficiency could be as high as 70%. Other effects such as pump photon trapping [7] and photon recycling may partially contribute to this large enhancement. However, these effects are not so significant in this case. Since the radiative efficiency of this photonic crystal structure is about 30% [14] , the actual external conversion efficiency would be 20%.
The increase of integrated PL enhancement with lattice constant in Figs. 7(b) and 8(b) is similar to the previous results. As in the previous cases, the PL enhancement originates from the coupling to leaky modes above light lines of the band structure. The PL enhancement inside the photonic bandgap is not observed mainly because of the large surface recombination loss in the samples with small lattice constant. The dependence of the lattice constant shows somewhat different features between the square and the triangular lattices. In the triangular lattice, the PL enhancement increases slowly until lattice constant of 900 nm. And then, it increases very rapidly and reaches 13. This increasing behavior of the triangular lattice case is also similar to the results of the triangular lattice oxide-supported slab structures in Fig. 6(b) . On the contrary, in the square lattice, the PL enhancement increases from the beginning at nearly constant speed. The maximum value of PL enhancement is a little larger in the triangular lattice case. However, the square lattice case shows over two times larger enhancement relative to the triangular lattice case between nm and nm. One can see from the spectra in Figs. 6(a) and 7(a) that the PL enhancement in the square lattice is much larger than that in the triangular lattice at nm. This different behavior originates partly from band structures. The effective 2-D TE band structures for two lattices are shown in Fig. 9 . Effective refractive index used in this 2-D calculation is 2.6, which is determined from the effective index theory of slab waveguides [19] . Dotted lines in the band structures represent the light line. Modes above the light lines are leaky and couple to free space [23] . In the band structure of the triangular lattice, the density of guided modes is comparable with that of leaky modes below the normalized frequency of 0.6, which means that there is still a large portion of guided modes and extraction out of the photonic crystal slab is not so efficient. The normalized frequency of 0.6 corresponds to lattice constant of about 900 nm. The bands of the square lattice are much denser compared with those of the triangular lattice. And, the density of leaky modes is still large enough even below the cutoff frequency of guided modes. Note several flat bands around the normalized frequency of 0.5, which is responsible for the peak enhancement near 1550 nm in the sample with the lattice constant of 800 nm in Fig. 8(a) . In the normalized frequency larger than 0.45, the portion of guided modes is negligible compared to that of leaky modes. The normalized frequency 0.45 approximately corresponds to the lattice constant of 650 nm. This is the main reason that the square lattice shows relatively large enhancement compared to the triangular lattice in the lattice constant range of to 900 nm. Therefore, the square lattice might be better than the triangular lattice for high-efficiency photonic crystal LEDs if there was a situation that this range of lattice constant could be used.
V. CONCLUSION
We have investigated enhancement of light extraction efficiency from periodic 2-D photonic crystal slab structures by both numerically and experimentally. It is found, by the FDTD calculation, that the extraction efficiency decreases significantly as the depth of air-hole patterns decreases, implying that it is desirable to completely transfer photonic crystal patterns through the slab to obtain large extraction efficiency in small device area. Large enhancement of PL extraction from photonic crystal patterns with InGaAsP QWs is observed by room-temperature optical pumping experiments. As large as eight-fold and 13-fold normalized enhancement is obtained from the photonic crystal slab with the SiO cladding and the air cladding, respectively. This large extraction enhancement implies that the photonic crystal slab structure is a potential candidate for the high-efficiency LED. In particular, when the extraction behaviors of a triangular lattice and a square lattice are compared, it is found that the square lattice has advantageous features for the LED application due to the large density of leaky modes.
